Abstract Ionizing radiation could supplement tissue bank screening to further reduce the probability of diseases transmitted by allografts if denaturation effects can be minimized. It is important, however, such sterilization procedures be nondetrimental to tissues. We compared crosslinking and free radical scavenging potential methods to accomplish this task in tendon tissue. In addition, two forms of ionizing irradiation, gamma and electron beam (e-beam), were also compared. Crosslinkers included 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and glucose, which were used to add exogenous crosslinks to collagen. Free radical scavengers included mannitol, ascorbate, and riboflavin. Radioprotective effects were assessed through tensile testing and collagenase resistance testing after irradiation at 25 kGy and 50 kGy. Gamma and e-beam irradiation produced similar degenerative effects. Crosslinkers had the highest strength at 50 kGy, EDC treated tendons had 54% and 49% higher strength than untreated, for gamma and e-beam irradiation respectively. Free radical scavengers showed protective effects up to 25 kGy, especially for ascorbate and riboflavin. Crosslinked samples had higher resistance to collagenase and over a wider dose range than scavenger-treated. Of the options studied, the data suggest EDC precrosslinking or glucose treatment provides the best maintenance of native tendon properties after exposure to ionizing irradiation.
Introduction
Allografts have gained increasing popularity as treatment methods for musculoskeletal injuries. This is reflected by the 1.5 million bone and soft tissue allografts implanted yearly as of 2007 [23] . A major concern associated with allografts is the potential for disease transmission. Current tissue bank safety measures include investigations into donor history, detection assays, and aseptic handling [9] . Although these procedures minimize the probability of disease transmission, they are not infallible. There is a period in which an infection just preceding death could pass through these protocols undetected [9, 10] . The slight danger of disease transmission can be further decreased through terminal sterilization.
Gamma and electron beam (e-beam) irradiation are both forms of ionizing irradiation that are effective sterilization methods [2, 20] . In 1990, gamma irradiation at 25 kGy was recommended as the standard sterilization dose for tissue banks [16] . Conversely, there has been considerably less literature exploring the use of e-beam irradiation for tissue sterilization. Tissue banks that perform sterilization commonly do so at 10 kGy to 35 kGy [24] , which is efficient against bacteria [24] , but higher doses are required to neutralize HIV [22, 24] and more resistive pathogens such as mold spores [13] .
This method of pathogen inactivation involves rupture of covalent bonds and, more prominently, modification by free radicals, which are both caused by high energy gamma rays or electrons [2] . Ionizing radiation has been successful for sterilization of medical products such as syringes, sutures, and instruments [2, 20] . Unfortunately, collagen, the major structural protein of musculoskeletal tissues, is susceptible to irradiation-induced free radical modification [2] . Gamma irradiation reduces crosslink density [21] , as well as causes fragmentation of collagen [5, 15] . On a tissue level, high-dose sterilization would result in weakened mechanical properties, increased degradation by proteolytic enzymes, and ultimately premature failure postimplantation [5, 14, 21] . If methods to protect tissues from these detrimental effects can be developed, then radiation sterilization could be utilized for allografts.
This study considers gamma and e-beam irradiation conditions as well as crosslinking and free radical scavenging methods aimed at offsetting radiation effects in collagenous tissues. Crosslinkers selected to form exogenous crosslinks in collagen included glucose and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). The main distinction between these crosslinkers is that EDC is a precrosslinking procedure and glucose crosslinking occurs at the time of irradiation. Free radical scavengers selected to sequester free radicals and limit chemical modifications to collagen included mannitol (MA), ascorbate (AS), and riboflavin (RB). We hypothesized gamma and e-beam irradiation would cause similar deleterious effects on mechanical properties and resistance to enzyme degradation of tendons. Additionally, we hypothesized these effects could be decreased by treating tendons with crosslinking or free radical scavenging.
Materials and Methods
We compared radiation dose response on mechanical properties and enzyme resistance of tendons exposed to either gamma or e-beam irradiation. This also provided a basis for our primary objective of evaluating crosslinking and free radical scavenging methods intended to minimize the denaturing effects of ionizing radiation.
Achilles tendons from mature (5-8 months) male and female New Zealand white rabbits were used as the model for tendon allografts. Frozen rabbit hind limbs were obtained from Pel-Freeze Biologicals (Rogers, AR). Tendons were dissected from hind limbs, wrapped in phosphate buffer solution (PBS)-soaked gauze, and placed in 15 mL polystyrene tubes. These tubes were stored in a -20°C freezer. Tendons were arbitrarily distributed into two parent groups. The first group was designated for gathering baseline data. More specifically, these were untreated tendons subjected to various doses of gamma or e-beam irradiation. The second group consisted of tendons that were treated by crosslinking or soaked in free radical scavenger solution prior to irradiation. There were a total of six groups: five treatment conditions and an untreated condition. There were also five radiation dose conditions. Ten tendons were used per group per dose condition, eight were used for mechanical testing and two for enzyme resistance testing for a total of 300 tendons. Power analysis yielded a value of 1.00 for all two-way ANOVA tests. Maintenance of native tendon properties was measured by comparing results from the treatment groups to the baseline groups.
Tendons to be irradiated were packaged on dry ice and sent to processing facilities for sterilization. Gamma irradiation was performed using a Co 60 source by Sterigenics Inc. (Rockaway, NJ). E-beam irradiation was performed using a 5-MeV electron accelerator by E-beam Services Inc. (Cranbury, NJ). Tendons received an average absorbed dose of 25 kGy and 50 kGy. Untreated tendons were irradiated on dry ice. All treated tendons were intentionally shipped with a minimal amount of dry ice and remained in solution during irradiation.
Tendons not subjected to irradiation were also kept on dry ice or in solution while the irradiated groups were being processed.
Crosslinking may bolster functional properties of tissues and compensate for radiation damage. Tendons were crosslinked two per 15 mL in a solution of 10 mM EDC (Sigma-Aldrich, St. Louis, MO) supplemented with 5 mM NHS (N-hydroxyl succinimide) (Sigma-Aldrich, St. Louis, MO) in deionized water. Tendons were set in crosslinking solution for 24 hours and washed three times in deionized water every 10 minutes. Tendons were then soaked in 0.1 M Na 2 HPO 4 (Sigma-Aldrich, St. Louis, MO) solution for 2 hours. This was followed by soaking in deionized water for another 12 hours to complete the process. This protocol was developed previously in this lab for collagen scaffolds designed for anterior cruciate ligament reconstruction [4] . Tendons were stored at 4°C during crosslinking and washing steps. Preparation involved soaking in a 100-mM solution of D (+) glucose, 99.5% anhydrous (Sigma-Aldrich, St. Louis, MO), and PBS for 36 hours in 4°C. Tendons were soaked two per 15 mL and irradiated in a similar fashion. A pilot study was performed to determine the optimal concentrations for various treatments ranging from 50 mM to 500 mM (data not shown).
Binding of irradiation-derived free radicals by free radical scavengers could prevent them from participation in chemical modifications with collagen. Preparation was similar among the three scavengers: D-mannitol (SigmaAldrich, St. Louis, MO), (+) sodium ascorbate (SigmaAldrich, St. Louis, MO), and riboflavin (Sigma-Aldrich, St. Louis, MO). Two tendons per 15 mL were soaked in 500 mM mannitol solution, 100 mM ascorbate solution, or 100 mM riboflavin solution in PBS for 36 hours in solution at 4°C.
Tendons designated for mechanical testing were thawed out in PBS and left to soak for 30 minutes. Dimensional measurements were taken using a Z-mike 1202 (Dayton, OH) series laser micrometer. Tendons were mounted against the laser and held with minimal tension. Two measurements were taken for thickness and width, and the area was calculated assuming a rectangular cross-section. Tensile testing was performed using an Instron model 4204 (Canton, MA) testing machine with tendons mounted in cryogenic freeze clamps (Enduratec, Eden Prairie, MN). Tendons were allowed to freeze in the clamps until 1 mm of the tendons were visibly frozen outside of the clamps. PBS was also regularly applied to maintain hydration. Before failure testing, tendons were first preconditioned in tension at about 1.5 N to 3.5 N for five cycles. Gauge length was taken as the distance between the frozen ends. Tendons were then pulled in tension at a speed of 100 mm/ min until failure. Tests that showed evidence of slipping were excluded from the data pool. Raw data was collected using a Smart Mother Board data collector (Microstrain Inc., Williston, VT). Structural and material parameters were calculated from raw data using a custom written MATLAB (Mathworks, Norwood, MA) program. All values were calculated to failure. Elastic modulus values were calculated from linear regions of the stress-strain curve. All values are reported as mean ± standard deviation.
Dissolution of collagen materials in collagenase is dependent on the amount of collagen nativity and crosslinks [25] , which are both affected by ionizing irradiation. Collagenase digestion is impeded when active sites are obscured by native crosslinks. Tendons were lyophilized and then sectioned into 3.5-mg segments. These segments were placed in test tubes and soaked in 10 mL collagenase solution (400 units/mL) derived from clostridiopeptidase A (Sigma-Aldrich, St. Louis, MO). The collagenase resistance time (CRT) was determined in triplicate for each group, with collagen sponges included as positive controls. Test tubes were placed in a 37°C water bath and observed every half hour until the samples were no longer intact or for a maximum of 24 hours. The average dissolution time ± standard deviation was recorded for each group.
Individual tests were conducted for mechanical data as well as CRT data. We used Student-Neuman-Keuls (SNK) two-way analysis of variance; the two factors and corresponding levels included irradiation (type, unirradiated or gamma-/e-beam-irradiated at 25 kGy/50 kGy) and treatment (unteated or specific crosslinker/free radical scavenger). These tests assumed samples were normally distributed and with equal variance. These analytical tests were performed to determine if irradiation and treatment influenced mechanical properties and dissolution time in collagenase. We used SigmaStat (Systat Software Inc., San Jose, CA) software.
Results
Gamma and e-beam irradiation caused similar reductions in tensile strength, elastic modulus, strain, and toughness of tendons. Upon comparing data at 25 kGy and 50 kGy, a clear dose-dependent decrease was evident for strength and toughness. There was an average of 36% and 55% loss in tensile strength at 25 kGy and 50 kGy compared to unsterilized controls (Fig. 1) . Changes in strain were least noticeable between irradiated and unirradiated tendons at 25 kGy, and were slightly decreased at 50 kGy. Although radiation effects were least discernable on strain values, dose-related trends were similar to strength and toughness (Fig. 1) . A decrease in elastic modulus was observed after irradiation, though dose related differences were not observed (Fig. 1) . These trends were generally observed for all irradiated groups in this study. Gammaand e-beam-irradiated tendons also showed similar resistance to collagenase (Fig. 1) . The dose effect of irradiation on collagenase resistance was not as prominent for mechanical properties. There was a 10% decrease in collagenase resistance after irradiation at 50 kGy compared to 25 kGy (Fig. 1) .
Several conditions in the crosslinker-and free radical scavenger-treated groups exhibited higher mechanical properties, especially strength and elastic modulus values. Crosslinked tendons had the highest strength values compared to untreated groups at 50 kGy. At this dose, EDCand glucose-treated tendons had 32% and 22% higher average strength than untreated tendons. At 25-kGy gamma and e-beam irradiation, glucose-crosslinked tendons possessed higher tensile strength compared to untreated (Fig. 2A) . Elastic modulus of crosslinked tendons was higher than untreated tendons over the entire radiation dose range (Fig. 2B) . Among glucose-treated tendons, increases in strength and elastic modulus occurred when irradiation was applied at 25 kGy compared to unirradiated. Fewer differences were observed with toughness values, for which EDC treatments showed the most increase at 50 kGy (Fig. 2C) . Free radical scavengers were more effective at 25 kGy, especially for ascorbate and riboflavin treatments. At 25 kGy, the gamma-irradiated ascorbate group was 40% stronger than the untreated group (Fig. 3A) . Elastic moduli for ascorbate and riboflavin groups were also higher than untreated for all irradiation conditions (Fig. 3B) . Effects of free radical scavengers diminished for tensile strength and toughness as radiation dose increased from 25 kGy to 50 kGy. Ascorbate-treated tendons irradiated at 50 kGy were lower compared to 25 kGy, and similar for toughness which was lower for e-beam irradiation at 25 kGy compared to 50 kGy. Riboflavin treatment also showed similar trends (Fig. 3C) . Mannitol treatment appeared ineffective at most dose conditions except gamma-irradiated at 25 kGy.
There was a greater positive effect by the crosslinkers compared to the free radical scavengers with regard to resistance against collagenase degradation. EDC crosslinked tendons were by far the most resistant to collagenase, and were the only group to remain intact throughout the 24 hour study (Fig. 4A) . Glucose-crosslinked tendons also displayed higher resistance than the untreated groups for conditions involving radiation. Riboflavin treatments resulted in an increase in collagenase resistance for e-beam irradiation. Meanwhile, ascorbate and mannitol treatments provided moderate resistance at 25 kGy; however, at 50 kGy differences versus untreated controls were marginal (Fig. 4B) .
Discussion
Sterilization via ionizing irradiation can aid tissue banks to ensure safer allograft distribution by supplementing current screening protocols. This form of sterilization is not routinely performed because irradiation of allografts can damage structural proteins resulting in decreased strength resulting in premature failure. It was our hypothesis that crosslinking or free radical scavenging might offset the negative effects of irradiation on mechanical properties and enzyme resistance. Dose responses to gamma and e-beam irradiation were also compared. Successful protection of allografts would allow use of ionizing irradiation to reduce bioburden while maintaining functional properties. There are several limitations to our study that should first be noted. Our results cannot predict postimplantation behavior of allografts, nor were validation studies performed to test sterility. These were preliminary experiments to be used as a guide for more involved studies in the future. Potential differences in processing protocols at gamma and e-beam facilities could have lead to variability associated with irradiation conditions, though nothing in the data suggests this occurred. It was also assumed that mechanical data and enzyme testing would yield the same trends. They are both considered methods of characterizing crosslinking and nativity of collagen. There were a few instances when divergence occurred, including the dosedependent effects of radiation and protective effect of ascorbate, which were both seen in mechanical testing but not as distinct in collagenase resistance. This may be the result of using a high concentration of collagenase, which may accelerate degradation beyond the point where differences between irradiation doses would be clear. Alternatively, miniscule defects caused by irradiation are likely to have more effect on failure mechanisms during tensile testing compared to enzyme degradation. Despite these limitations, this study contributes novel data to sterilization and radioprotection literature including potential of EDC and glucose protection, and direct comparison of crosslinking and free radical scavenging, as well as e-beam and gamma irradiation. Gamma irradiation has been noted for effective neutralization of pathogens as well as deep penetrability, about 30 cm through a density of water [6] . In comparison, e-beam irradiation possesses lower penetrability, only 8 cm through the density of water [6] . This may be an obstacle for cortical bone allografts, which has a density about twice that of water, and therefore half the penetration depth [6] . E-beam penetration is still sufficient enough for soft tissues. The advantage to e-beam irradiation is higher processing speed, on the order of seconds compared to hours, for gamma irradiation. With the high dose rate of e-beam irradiation, one concern is local variation of absorbed dose. Exposure to either gamma or e-beam irradiation produced decreased mechanical properties and enzyme resistance in tendons. According to our data, these effects were nearly identical for gamma or e-beam irradiation. Mechanical testing showed strength and toughness were the parameters most sensitive to radiation dose. Elastic modulus was marginally affected, and strain was the least affected. Lesions caused by direct impact of highenergy particles likely have the greatest impact on break load, with less of an influence on deformation. These data are also in agreement with those of Salehpour et al. [21] , who reported greatest changes in toughness and the least change in elongation. There was also no difference between the effect of gamma or e-beam irradiation, suggesting either one could be used for sterilization.
Both treatment types protected mechanical properties at 25 kGy, but at 50 kGy crosslinkers were superior. Strength of glucose-treated tendons gamma and e-beam irradiated at 25 kGy were close to native tendon. Strength, modulus, and toughness were all increased at 25 kGy compared to untreated samples as well as unirradiated samples. These mechanical data suggest that glucose-derived crosslinking occurs, and furthermore during the irradiation process. This is consistent with the data of Ohan and Dunn [17] , which also suggest that glucose crosslinking of collagen is driven by ionizing irradiation derived free radicals. This mechanism involves free radicals encouraging the linear configuration of glucose, which is necessary to participate in the crosslinking reaction [17] . Natural glucose crosslinking of collagen occurs through the Maillard reaction, which is a much slower process associated with aging [19] . Resistance to collagenase was also higher for irradiated tendons compared to unirradiated for glucose treatment. The mechanical properties of glucose-treated tendons decreased at 50 kGy compared to 25 kGy, suggesting exhaustion of crosslinking sites, or that the rate of crosslinking was exceeded by crosslink breakdown.
Free radical scavengers showed selective protective effects in mechanical data at 25 kGy, and were less pronounced at 50 kGy. Riboflavin and ascorbate showed the majority of these positive effects for strength and elastic modulus, while mannitol treatments were largely ineffective. Although mannitol possesses radical scavenging ability, hydroxyl radical attack of organic alcohols can give rise to reactive superoxide anions [8] . Superoxide anion has been identified as a radical capable of fragmenting collagen [15] . The production of these radicals may have negated scavenging effects.
Collagenase resistance data showed that crosslinked tendons were much more resistant than free radical scavenger-treated tendons, especially at higher doses. EDC crosslinked tendons possessed the highest resistance at all dose conditions. As mentioned glucose crosslinked tendons also showed improved collagenase resistance in the presence of irradiation. Interestingly, only riboflavin treatment provided increases in resistance among free radical scavengers. Past investigation of riboflavin suggests it also has the capacity to act as a crosslinker of collagen [11, 27] , in addition to free radical scavenging [7] . Riboflavin treatment in combination with ultraviolet light successfully crosslinked human cornea, which is composed of type II collagen [27] . It is plausible that riboflavin is able to form crosslinks in tendon in the presence of ionizing irradiation in a similar fashion. Our data are unable to distinguish protective means, whether crosslinking or free radical scavenging. More studies would be needed to determine the function of riboflavin treatment on tendons during irradiation.
The literature pertaining to protection of irradiated allografts is limited, making comparison of results difficult. The majority of the studies have been on free radical scavengers, which have limited ionizing irradiation damage in proteins in aqueous environments [3, 12, 28] . Recently, however, Grieb et al. [9] reported that a radioprotective cocktail solution, which included mannitol, was successful in protecting mechanical properties of human semitendinosus tendon at 50 kGy under regulated conditions. Akkus et al. [1] reported use of another free radical scavenger, thiourea, resulted in increased postyield toughness at 36 kGy but not to the level of controls. Akkus and colleagues [1] tested bone allografts, which possess structural and compositional differences compared to soft tissue. These studies suggest that soft or hard tissue allografts may be stabilized by free radical scavenging during ionizing irradiation.
The two methods of treatment each have their advantages and disadvantages. The advantage to free radical scavengers is the limitation on chemical modification. An associated disadvantage is the possibility that scavenging may also protect bacteria or viruses within the tissue as well, thus requiring higher doses. This highlights the importance to conduct sterility validation studies. A possible drawback of crosslinking is the introduction of cytotoxic substrates, but EDC is a zero-order crosslinker, meaning no foreign subunits exist in crosslinks [18] . Wissink et al. [26] reported no issues with human umbilical vein endothelial cell attachment, morphology, or function to EDC/NHS crosslinked collagen scaffolds. Both crosslinking and scavenging demonstrated protective effects; however, crosslinkers provided the greatest range of radioprotection. At 50 kGy, EDC crosslinked tendons had notably high tensile strength. At 25 kGy, glucosetreated tendons had comparable strength, modulus, toughness, and strain to native tendon. In addition to proper mechanical function after implantation, preventing premature digestion by proteolytic enzymes is an equally important concern. Crosslinkers demonstrated success for both these characteristics. According to the data obtained in this study, EDC and glucose are the most capable at protecting allografts against ionizing irradiation over a range of doses.
Our data suggest the majority of treatments afforded improved mechanical properties and enzyme resistance at 25 kGy. At 50 kGy, crosslinkers were more effective than free radical scavengers, although neither were to the level of native tendon. Additionally, both gamma and e-beam irradiation had similar effects on tendons. This suggests that they can be used interchangeably with regard to mechanical properties. If the terminal dose could be lowered to 25 kGy, the treatments assessed in this study could be used to provide stabilization for tissue allografts. It may be possible to lower bioburden and, accordingly, the irradiation dose required for sterilization through decellularization methods. Another option could be to combine crosslinking and scavenging methods for a potentially greater protective effect. Furthermore, combinations of free radical scavengers have synergistic radioprotective effects [12] . Our long-term goal is to develop and validate terminal sterilization methods for soft tissue allografts without compromising their mechanical integrity and performance after implantation. This would improve the safety of allografts and further increase their acceptance by surgeons and patients.
